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1.  INTRODUCTION 


Over  the  last  decade,  much  effort  has  been  devoted  by  the  U.S.  Army  ballistic  community  to  gain  an 
understanding  of  the  dynamic  interactions  between  a  projectile  and  gun  tube  during  the  launch  cycle. 
Most  of  this  work  was  motivated  by  a  desire  to  more  accurately  Are  tank  ammunition.  This  resulted  in 
the  development  of  several  gun  dynamics  codes,  as  well  as  utilization  of  transient  three-dimensional  (3-D) 
finite  element  modeling  techniques  (Erline  aiul  Kregel  1990;  Hopkins  1990;  Polcyn  and  Cox  1990;  Rabem 
and  Baimister  1990;  VAlkerson  1993).  An  extensive  experimental  test  firing  procedure,  known  as  the 
"jump  test,"  was  developed  and  is  now  a  standard  part  of  any  ammunition  development  program 
(Schmidt  et  al.  1990). 

During  the  investigations  of  conventional  tank  guns,  it  became  apparent  that  the  profile  of  the  bore 
centerline  played  a  mi^or  role  in  determining  the  accuracy  performance  of  a  round.  It  was  discovered  that 
large  deviations  from  a  true,  straight  centerline  can  exist  and  impart  side  loads  to  the  projectile  which 
induce  balloting  and  subsequently  reduce  accuracy.  The  worst  conventional  barrel  profiles  were  found 
to  impart  1,000-2,(X)0  g*s  laterally  to  projectiles.  Such  barrels  typically  had  kinks  present  near  their 
muzzles  through  which  the  projectiles  would  have  to  travel  at  relatively  high  velocities. 

During  the  development  of  the  120-mm  kinetic  energy  (KE)  projectile,  XM829E2,  the  issue  of  tube 
straightness  and  its  effects  on  structural  integrity  were  first  studied  in  some  depth.  Analysis  showed  that 
transverse  accelerations  of  approximately  1,0(X)  g’s.  even  when  the  applied  pressure  was  much  less  than 
peak  pressure,  can  result  in  large  stresses  and  strains  throughout  the  sabot  (Alexander  1989).  This  was 
offered  as  a  possible  explanation  for  the  random  projectile  failures  which  were  experienced  during  the 
XM829E2  program  in  test  firings  from  certain  gun  tubes.  Eventually,  the  manufacturing  process  for  full 
production  tubes  was  improved  sufficiently  to  minimize  bore  centerline  variations  such  that  lateral  loads 
were  reduced. 

Recently,  the  electromagnetic  (EM)  gun  community  has  begun  to  express  concern  over  the  effects  of 
non-straight  barrel  profiles  or  projectiles.  However,  at  this  poiirt,  the  concern  is  motivated  more  from  the 
structural  integrity  standpoint  rather  than  accuracy.  The  first  measurement  of  an  EM  gun  profile  was  made 
in  1991  on  the  UTCEM  Task  B  railgun.  Preliminary  analysis  based  on  these  data  showed  lateral 
accelerations  two  to  three  times  higher  than  those  which  would  be  expected  in  typical  conventional 
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cannons  (Burton  1993).  In  rctrospect,  this  may  explain  why  projectile  nosetips  were  observed  to  be 
ftequently  broken  off  during  early  EM  test  firings. 

Recently;  Kaman  Sciences  Inc.  experienced  an  in-bore  failure  of  its  Rodman  cone  projectile  design 
fired  from  the  SSG  railgun  at  Maxwell  Laboratories.  The  launch  energy  of  this  shot,  no.  179,  was  at  full 
energj'— in  excess  of  8  MJ.  The  lack,  of  extensive  diagnostics  has  made  deteraiining  the  exact  cause  of 
failure  difficult;  however,  this  design  had  survived  lower  energy  shots  under  equivalent  peak  axial 
accelerations,  lending  credence  to  the  conjecture  that  bore  non-straightness  might  have  a  role  in  the  failure. 
In  light  of  this,  an  investigation  was  undertaken  to  quantify  the  severity  of  the  lateral  loading  on  the 
Rodman  cone  projectile  by  the  SSG  railgun  and  compare  it  to  that  for  a  conventional  powder  gun.  This 
assessment  was  made  using  the  RASCAL  gun  dynamics  code  (Eriine,  Kregel,  and  Pantano  1990)  which 
has  been  developed  to  model  proJectile/gun  interaction  dynamics  in  conventional  powder  gtm  systems. 

2.  RASCAL  ANALYSIS 

RASCAL  is  a  quasi-two-dimensional  code  which  employs  beam  elements  to  model  both  the  projectile 
and  gun  barrel.  The  code  is  labeled  "quasi"  two-dimensional  because  it  does  not  couple  the  effects 
encountered  in  the  horizontal  and  veitical  planes.  The  model  formulation  assumes  the  projectile  contacts 
the  bore  at  two  points  with  springs.  A  schematic  of  the  RASCAL  projectile  model  is  shown  in  Figure  1, 
with  variables  skff  and  skgg  representing  the  capability  to  assign  contact  stiffness  values  at  the  rear  and 
forward  boreriders,  respectively.  Variable  spff  and  spgg  provide  a  means  for  varying  the  projectile  model 
wheelbase  (that  is,  the  distance  between  the  contacts). 

RASCAL  was  developed  to  model  projectiles  with  geometrical  shapes  such  as  double-ramped  KE 
ammunition  or  high-cneigy  anti-tank  (HEAT)  rounds.  Kaman’s  Rodman  cone  projectile  configuration, 
shown  in  Figure  2,  required  some  manipulation  of  the  RASCAL  geometry  modeler.  Each  beam  element 
was  assigned  a  bending  stifihess  (defined  as  elastic  modulus  timrs  moment  of  inenia,  El)  and  equivalent 
mass.  These  data  were  input  directly  into  RASCAL  by  bypassing  the  geometry  modeler. 

Ranges  of  contact  spring  stiffness  values  were  analyzed.  The  lower  bound  spring  value, 
k  =  1  X  10*  Ib/in,  was  obtained  from  static  push  tests  conducted  at  the  Army  Research  Laboratory  (ARL) 
on  KE  ammunition  (McCall  and  Henry,  to  be  published).  The  upper  bound  spring  value, 
k  n  1  X  10^  Ib/in,  was  based  on  another  series  of  tests  performed  at  ARL  (Lyon  1993).  An  intermediate 
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Figure  1.  Schematic  of  RASCAL  model  soring  descriptors. 


Figure  2.  Kaman  Sciences  Rodman  cone  projectile  configiin  tion. 
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sUffiiess  value,  k  =  4.3  x  10^  IbAm,  was  ahso  used  and  was  based  on  previous  RASCAL  predictions  which 
matched  experimental  data  (Erline  1993).  A  RASCAL  model  also  requires  an  interior  ballistic  model,  a 
bore  centerline  profile,  gun  system  parameters,  and  a  barrel  geometry  model.  Data  for  tire  gun  system  and 
barrel  models  were  not  available  at  the  time  this  work  was  done,  so  data  used  in  a  previous  analysis  of 
an  EM  railgun  were  employed  (Burton  1993).  The  interior  ballistic  model  is  simply  projectile  velocity  vs. 
time  input  The  velocity-time  data  used  for  the  SSG  are  shown  in  Figure  3.  This  velocity  profile  has  a 
muzzle  velocity  of  2.4  km/s  with  a  pre-accelerated  injection  velocity  over  400  m/s.  These  data  were  based 
on  Maxwell’s  projections  for  the  Rodman  cone  projectile,  assuming  an  8.2-MJ  launch  energy 
(Station  et  al.  1993). 


Figure  3.  Velocity  vs.  time  plot  of  Rodman  cone  projectile  from  SSG  raileun  at  Maxwell 
Laboratories. 

The  SSG  railgun  bore  centerline  measurements  were  made  by  the  U.S.  Army  Combat  Systems  Test 
Agency  (CSTA).  Measurements  were  made  prior  to  (September  1)  and  after  (September  16)  the  in-bore 
projectile  failure.  These  centerline  profiles  are  shown  in  Figures  4  and  5,  respectively.  The  insulator 
profile  is  denoted  by  a  solid  line  and  the  rail  profile  with  a  dashed  line.  It  is  important  to  distinguish  bore 
straighUiess  from  bore  roughness,  which  is  a  measure  of  tlie  consistency  of  the  bore  diameter.  A  bore 
centeiline,  or  straightness,  measurement  is  made  after  establishing  a  reference  iine-of-sight  (LOS)  through 
the  center  of  the  bore  at  the  muzzle  and  chamber  ends.  An  alignment  telescope  is  aimed  so  that  the  LOS 
coincides  with  the  center  of  a  taiget  which  is  pulled  through  the  tube.  Displacements  of  the  target  from 
the  reference  centciiine  arc  recorded  at  discrete  locations  along  the  barrel  length  (Weddle  1986). 
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Cun  system  parameters  employed  in  the  RASCAL  analysis  were  representative  of  components  from 
a  conventional  gun  system.  The  M829,  a  UO-mm  KE  round,  served  rs  a  base  line  conventional  projectile 
configuration  for  the  purpose  of  comparison  with  the  Rodman  cone  projectile  results.  Further,  the 
centerline  profile  of  a  double-travel  120-mm  cannon,  tube  no.  008,  and  the  velocity-time  profile  for  an 
M829  traversing  through  it  were  used  to  provide  a  comparison  with  the  EM  railgun  results.  A  sketch  of 
the  M829  is  given  in  Hgure  6,  and  Figures  7  and  8  show  plots  of  the  double-travel  centerline  and 
velocity  vs.  time  profiles,  respectively. 
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3.  CASE  STUDY  MATRIX 


Seven  cases  were  modeled,  spanning  three  system  paruneters:  bore  centedine,  projectile,  and  velocity^ 
time  profile.  Table  1  lists  the  seven  cases  with  cases  1  and  2  representing  the  SSG  system  prior  to 
(September  1)  and  after  (September  16)  shot  no.  179,  respectively.  Cases  3  and  4  concern  the  effects  of 
velocity-time  profile  while  cases  .5  and  6  concern  different  projectile  designs.  Lastly,  case  7  concerns  the 
base  line  case  of  a  conventional  K£  projectile  in  a  conventional  gun  system  and  was  analyzed  to  provide 
benchmark  data  against  which  to  compare  the  EM  railgun  system  results. 


Table  1.  Matrix  of  Conditions  for  the  Various  Case  Studies 


Case 

Centerline 

Projectile 

Velocity-time 

profile 

1 

9/1  rails 

Rodman 

EM 

2 

9/16  rails 

Rodman 

EM 

3 

9/1  rails 

Rodman 

Conv 

4 

9/16  rails 

Rodman 

Conv 

5 

9/1  rails 

M829 

EM 

6 

9/16  rails 

M829 

EM 

7 

DT  Conv 

M829 

Conv 

Each  of  die  seven  c.'tses  was  nm  with  the  three  spring  siiffitess  values  assigned  to  both  the  front  and 
tear  boreriders.  In  reality,  the  spring  stiffitess  values  will  differ  between  the  front  and  rear  boreriders,  but 
lacking  any  data  to  determine  these  differences,  the  same  stiffiiess  value  for  both  contacts  was  assumed. 
Thus,  a  total  of  21  RASCAL  runs  were  required  to  model  the  7  cases  for  each  of  the  3  borerider  stifihess 
values. 

4.  RESULTS 

Transverse  and  pitching  accelerations  were  extracted  from  the  RASCAL  output.  The  transverse 
acceleration  at  each  contact  is  obtained  by  taking  the  time  derivative  of  the  beam  element  velocities  at 
both  the  front  and  rear  contacts.  Likewise,  the  pitching  acceleration  is  computed  from  the  time  derivative 
of  the  angular  velocity  at  each  of  the  two  contact  points. 
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Table  2  lists  the  transverse  accelerations  found  for  each  case  and  spring  stiffness  value.  The  results 
from  each  case  for  the  medium  spring  stiffness  value,  k  -  4.3  x  10^  Ib/in.  will  be  used  for  purposes  of 
comparison.  It  is  apparent  that  the  SSG  bore  straightness  profile  imposes  lateral  accelerations  more  than 
ten  times  those  found  in  a  conventional  system  (compare  cases  1  and  2  vs.  case  7  in  Table  2).  Also  note 
that  a  change  in  the  velocity  profile  produces  only  modest  effects  on  the  magnitudes  of  transverse  loadings 
(compare  cases  3  and  4  vs.  cases  1  and  2).  Note,  however,  that  choice  of  projectile  design  has  a 
significant  effect  on  the  magnitudes  of  accelerations  encountered  in  the  EM  system.  A  comparison  of 
cases  5  and  6  shows  that  an  M829  experiences  only  one-third  the  peak  transverse  acceleration  of  the 
Rodman  cone  projectile  when  fired  from  the  same  EM  gun  system  (cases  1  and  2).  Even  so.  the  M829 
fired  from  the  SSG  is  subjected  to  transverse  accelerations  five  times  those  encountered  in  the 
conventional  double-travel  gun  system  (cases  5  and  6  vs.  case  7). 


Table  2.  Calculated  Transverse  Accelerations 


Case 

Ceiuerline 

Projectile 

Velocity-time 

profile 

Transvene  Accelention 
(g*s) 

Rear  Contact 

Front  Contact 

mm 

1.0  X 
10^ 

I..0X 

10^ 

1 

9/1  tails 

Rodman 

EM 

2,627 

9,465 

10,960 

5358 

9,914 

10,024 

2 

9/16  laUs 

Rodman 

EM 

3.430 

9,215 

22,180 

7333 

8379 

7,907 

3 

9/1  rails 

Rodman 

Conv 

2,697 

10,267 

8374 

4383 

6,012 

3,431 

a 

9/16  rails 

Rodman 

Conv 

3,557 

12,596 

8381 

5338 

5,783 

3,017 

5 

9/1  tvils 

M829 

EM 

985 

2,687 

4,772 

1,454 

3,752 

6387 

6 

9/16  rails 

M829 

EM 

701 

3,162 

5377 

1,063 

4,001 

6,112 

ID 

DTConv 

M829 

Conv 

534 

649 

1,491 

759 

690 

1,790 

Ihe  significant  difference  in  pitching  accelerations  observed  between  the  two  projectiles  when  ffred 
from  the  EM  gun  system  appears  to  be  due  to  the  center  of  gravity  (c.g.)  of  the  Rodman  cone  being 
located  between  die  boreridets.  In  contrast,  the  M829  design  has  the  c.g.  located  directly  beneath  the  rear 
contact.  This  fundamental  difference  in  c.g.  location  means  that  any  lateral  disturbances  imparted  to  die 
boreriders  of  the  base-pushed  Rodman  cone  will  tend  to  cause  it  to  pitch  about  its  c.g.,  resulting  in 
increased  balloting  motion  and  thus  greater  projectile/gun  interactions.  In  contrast,  in  the  case  of  the 
M829,  lateral  loadings  tend  to  induce  sideways  translation  rather  than  balloting  modons. 


Figures  9  aiid  10  show  the  differences  in  projectile  pitching  acceleratioas  of  the  Rodman  cone  and  the 
M829  between  the  EM  gun  system  (case  1)  and  the  conventional  double-travel  gun  system  (case  7)  for 
the  medium  spring  stiffness  value  of  k  =  4.3  x  10®  Ib/in.  The  magnitude  of  the  peak  pitching  acceleration 
for  the  Rodman  cone  fired  from  the  EM  gun  is  five  Umes  that  of  the  M829  fired  from  the  convendonai 
douUe-travel  gua 


Tine 


Figure  10.  Pitching  gccgleration  vs.  time  of  the  M829  projectile  in  a  double-travel  conventional  tank 
cannon. 


Closer  examination  of  the  transverse  and  pitching  acceleration  history  plots  for  the  EM  system  showed 
that  the  projectile  response  was  consistently  initiated  between  2.5  and  3.0  ms  (see,  for  example.  Figure  9). 
By  integrating  the  velocity  vs.  Ume  profile  from  Figure  3,  it  was  found  that  after  3.0  ms,  the  projectile 
had  traveled  2.2  m  (87  in).  Examination  of  the  rail  profile  in  Figure  4  shows  this  distance  places  the 
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piojecUle  in  the  region  of  the  kink.  Experience  with  conventions!  gun  tubes  has  shown  that  kinked  tubes 
typically  result  in  greater  projectile  tipoff  upon  muzzle  exit  and  subsequently  such  projectiles  exhibit 
poorer  accuracy  on  target  (Schmidt  et  al.  1^).  This  is  particularly  true  of  tubes  with  kinks  near  their 
muzzles  where  the  projectiles  have  very  neariy  reached  muzzle  (ordnance)  velocity.  On  first  glance  this 
would  appear  not  to  be  the  case  for  the  SSG,  since  it  has  a  kink  only  a  quarter  of  the  way  along  its  length. 
However,  at  3.0  ms,  the  projectile  velocity  is  1.55  kni/s  (from  Figure  3).  Thus,  consistent  with  experience 
from  conventional  guns,  the  kink  in  the  EM  rail  profile  serves  to  cause  significant  lateral  response  of  the 
projectile  because  the  projectile  must  traverse  the  kink  at  a  relatively  high  velocity. 

5.  CONaUSIONS 

The  RASCAL  results  reported  here  show  the  SSG  raiigun  induces  significantly  greater,  an  order  of 
magnitude  larger,  transveroe  accelerations  in  projectiles  than  conventional  cannons,  litis  is  clearly  a  result 
of  the  kink  in  the  EM  rail  profile  approximately  2  m  from  the  bieech  end. 

The  Rodman  cone  projectile’s  c.g.  location  between  boreriders  also  stimulates  in-borc  response,  both 
lateral  and  in  pitch.  This  design  pracdoe  appears  to  be  necessitated  by  the  state-of-the-art  of  design  of 
plasma  armatures  which  require  a  base-pushed  configuration. 

The  SSG  raiigun  bore  straightness  profile  problem  also  has  severe  consequences  for  the  design  of 
saboted  projectiles.  The  design  of  such  projectiles  is  constrained  by  parasitic  mass  requirements.  The 
design  of  saboted  projectiles  can  account  for  more  severe  lateral  loading  conditions,  but  only  at  the  co.st 
of  bulking  up  the  structure,  thus  increasing  its  mass.  This  approach  obviously  results  in  a  reduction  of 
muzzle  velocity  and  moves  the  design  away  from  usefiil  tactical  ^plications  of  interest  to  the  Army. 

It  is  likely  that  even  if  changes  are  incorporated  in  the  Rodman  cone  design  to  improve  structural 
integrity'  sufficiently  to  ensure  survival  during  the  launch  process,  there  will  still  be  substantial  pitching 
induced  by  the  poor  raiigun  centerline.  This  will  result  in  high  yaw  at  muzzle  exit  and  greatly  reduce  the 
ability  of  tlie  projectile  to  accurately  hit  a  target.  Therefore,  it  is  important  for  the  proponents  of  EM 
raiigun  systems  for  Anny  use  to  address  the  bore  straightness  issue  and  immediately  undertake  steps  to 
ensure  straight  centerline  profiles  to  reduce  or  eliminate  the  lateral  loads  imparted  to  projectiles.  This  will 
greatly  increase  the  probability  of  the  launch  package  surviving  the  launch  and  accurately  hitting  a  target. 
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As  improvements  are  made  to  the  fabrication  of  EM  railgun  systems,  it  may  be  beneficial  to  adopt 
some  of  the  more  advanced  techniques  currently  in  use  by  the  conventional  gun  projectile  designers  to 
examine  projectile/gun  dynamic  interaction.  Some  of  the  techniques  arc  listed  in  the  introduction  of  this 
report,  with  the  3-D  finite  element  method  lending  itself  nicely  to  examining  the  nonhomogeneous  bore 
cross  sections  typical  of  railguns.  This  method  would  also  be  useful  in  analyzing  square  bore  railguns 
such  as  are  being  pursued  in  other  EM  gun  programs. 


11 


Intentionally  left  blank. 


12 


6.  REFERENCES 


Alexander,  A.  Three  Dimensional  Non-Linear  Structural  Evaluations  of  the  Mod37A  and  Mod29B 
Sabots."  BRL-CR-617,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  MD, 
September  1989. 

Burton,  L.  "A  Grmparison  of  In-Bore  Projectile  Motion  from  an  Electromagnetic  Railgun  Versus  that  of 
a  Conventional  Caimon  Bartel."  ARL-TR-9S,  U.S.  Anny  Research  Laboratory,  Aberdeen  Proving 
Ground,  MD,  October  1993. 

Erline,  T.  F.  "Dynamic  Analysis  of  a  Puller  Sabot  Concept."  Proceedings  of  the  Seventh  U.S.  Anny  Gun 
Dyiuunics  Symposium,  pp.  150-165,  Newport,  RI,  May  1993. 

Erline,  T.  F.,  and  M.  D.  KregeL  "Flexible  Projectile  Modeling  Using  the  Little  RASCAL  Gun  Dynamics 
Program."  Proceedings  of  the  Sixth  Anny  Symposium  on  Gun  Dynamics,  pp.  317-333,  Tamimeni,  PA, 
May  1990. 

Erline,  T.  F..  M.  D.  Kregel,  and  M.  Pantano.  "Gun  and  Projectile  Dynamics  Modeled  by  the  Little 
RASCAL  -  A  User’s  Manual."  BRL-TR-3122,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen 
Proving  Ground,  MD,  July  1990. 

Hopkins,  D.  A.  "Modeling  Q'jn  Dynamics  V^tli  Three-Dimensional  Beam  Elements."  Proceedings  of  the 
Sixth  U.S.  Army  Symposium  on  Gun  Dynamics,  pp.  272-284,  Tamiment,  PA,  May  1990. 

Lyon,  D,  "Radial  SUffhcss  Measurements  of  Several  120-mm  Projectiles."  Proceedings  of  the  Seventh 
Army  Gun  Etynamics  Sympo.<tium,  pp.  166-186,  Newport,  RI,  May  1993. 

McCall,  C.  D.,  and  D.  L.  Henry.  "Flexural  Characteristics  of  the  M829  Projectile  Family."  U.S.  Army 
Research  Laboratory,  Aberdeen  Proving  Ground,  MD,  to  be  published. 

Polcyn,  M.  A.,  and  P.  A.  Cox.  "The  Adaptation  of  NASTRAN  for  Three-Dimensional  Gun  Dynamics 
Problems."  Proceedings  of  the  Sixth  U.S.  Army  Symposium  on  Gun  Dynamics,  pp.  451-471, 
Tamiment,  PA,  May  1990. 


Rabern,  D.  A.,  and  K.  A.  Bannister,  "Finite  Element  Models  to  Predict  the  Structural  Response  of 
120-mm  Sabot/Rods  During  Launch."  Proceedings  of  the  Sixth  U.S.  Army  Symposium  on  Gun 
Dynamics,  pp.  334-354,  Tamiment,  PA,  May  1990. 

Schmidt,  E.  M.,  J.  A,  Bumstein,  P.  Plostins,  B.  Haug,  and  T.  L.  Brousseau.  "Jump  From  MlAl  Tank." 
BRL-TR-3144,  U.S.  Army  Ballistic  Research  Laboratory,  Aberdeen  Proving  Ground,  MD,  September 
1990. 

Statton,  S.,  A.  Alexander,  D.  Russo,  and  R,  Dethlefsen.  "Sabot  Launched  Electric  Gun  Kinetic  Energy 
(SLEKE)  Projectile  Program."  Area  I  -  LaunchabUity  Technical  Review,  U.S.  Army  Armament, 
Research,  Development,  and  Engineering  Center  (ARDEQ,  Picatlnny  Arsenal,  NJ,  October  1993. 

Weddle,  A.  L.  "Methodology  Investigation  of  Gun-'Dibe  Straightness  Measurements."  USACSTA~6439, 
Combat  Systems  Test  Activity.  Aberdeen  Proving  Ground,  MD,  October  1986. 


13 


Intentionally  left  blank. 


14 


No.  of 

2 


1 


1 


1 


2 


1 


1 


Organization 


No.  of 

Conics  Organization 


Administrator 

Defense  Technical  Info  Center 
ATTN:  DTIC-DDA 
Cameron  Station 
Alexandria,  VA  22304-6145 

Commander 

U.S.  Army  Materiel  Comntand 
ATTN:  AMCAM 
5001  Eisenhower  Ave. 

Alexandria,  VA  22333-0001 

Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-OP-CI-AD, 

Tech  Publishing 
2800  Powder  Mill  Rd. 

Adelphi,  MD  20783-1145 

Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-OP-CI-AD, 

Reovds  Management 
2800  Powder  Mill  Rd. 

Adelphi.  MD  20783-1145 

Commander 

U.S.  Anny  Armament  Research, 
Development,  and  Engineering  Center 
Arm:  SMCAR-TDC 
Picatinny  Arsenal,  NJ  07806-5000 

Director 

Benet  Weapons  Laboratory 
U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-CCB-TL 
Watervlict.  NY  12189-4050 

Director 

U.S.  Army  Advanced  Systems  Research 
and  Analysis  Office  (ATCOM) 

ATTN:  AMS AT-R-NR,  M/S  219-1 
Ames  Research  Center 
Moffett  Field,  CA  94035-1000 


1 


1 


1 


(aiM.only)l 


(UnohM.  only)  ^ 


1 


2 

1 

1 

1 

1 

5 


Commander 

U.S.  Army  Missile  Command 
ATTN:  AMSMI-RD-CS-R  (DOC) 

Redstone  Arsenal,  AL  35898-5010 

Commander 

U.S.  Army  Tank-Automotive  Command 
ATTN:  AMSTA-.ISK  (Armor  Eng.  Br.) 
Warren,  MI  48397-5000 

Directot 

U.S.  Army  TRADOC  Analysis  Command 
ATIN:  ATRC-WSR 

White  Sands  Missile  Range,  NM  88002-5502 
Commandant 

U.S.  Army  Infantry  School 
ATTN:  ATSH-CD  (Security  Mgr.) 

Fort  Benning,  GA  31905-5660 

Commandant 

U.S.  Army  Infantry  School 
ATTN;  ATSH-WCB-O 
Fort  Benning.  G A  31905-5000 

WL/MNOI 

EglinAFB.FL  32542-5000 

Aberdeen  Proving  Ground 

Dir,  USAMSAA 
ATTN:  AMXSY-D 

AMXSY-MP,  H.  Cohen 

Cdr,  USATECOM 
ATTN:  AMSTE-TC 

Dir.  USAERDEC 
ATTN:  SCBRD-RT 

Cdr,  USACBDCOM 
ATTN:  AMSCB-Cil 

Dir.  USARL 

AT  IN:  AMSRL-SL-I 

Dir,  USARL 

ATTN:  AMSRL-OP-AP-L 


15 


No.  of 

Copies  Organization 

1  Olin  Coqxiration 

ATTN:  L.  Whitmore 
10101  9th  St,  North 
St  Petersburg,  FL  33702 

3  Alliant  Techsystems,  Inc. 

ATTN:  C.  Cwdland 

J.  Bode 

K.  Word 

7225  Northland  Dr. 

Brooklyn  Park.  MN  55428 

1  Alliant  Techsystems,  Inc. 

Precision  Armaments  Systems  Group 
7225  Northland  Dr. 

Brooklyn  Park,  MN  55428 

1  Chamberlain  Manufacturing  Corporation 

Research  and  Development  Division 
ATTN:  T.  Lynch 
550  Esther  St 
P.O.  Box  2335 
Waterloo,  lA  50704 

1  Custom  Analytical  Engineering 

Systems,  Inc. 

ATTN:  A.  Alexander 
Star  Route,  Box  4A 
Fliittstone,  MD  21530 

1  InstitHtD  for  Advanced  Technology 
ATTN:  T.Kiehne 

4030-2  W.  Biaker  Ln. 

Austin,  TX  78759 

2.  Kaman  SciciKes  Corporation 

ATTN:  D.  Elder 
T.  Hayden 
P.O.  Box  7463 
Colorado  Springs,  CO  80933 

2  LORAL/Vought  Systems 
ATTN:  G.  Jmekson 

K.  Cook 

1701  West  Marstull  Dr. 

Grand  Prairie,  TX  75051 


No.  of 

Copies  Organization 

1  Interferometries,  Inc. 

ATTN:  R.  Larriva,  Vice  President 
8150  Leesburg  Pike 
Vienna,  VA  22100 

Aberdeen  Proving  Ground 

64  Dir,  USARL 

ATTN:  AMSRL-a,  C.  Mcrmcgan  (394) 
AMSRL-a-C,  W.  Suuek  (1121) 
AMSRL-CI-CB,  R.  Kaste  (394) 
AMSRL  a-S,  A.  Mark  (309) 
AMSRL-SL-B,  P.  Dietz  (328) 
AMSRI.-SL-BA,  J.  Walbert  (1065) 
AMSRL-SL-BL,  D.  Bely  (328) 
AMSRL-SL-I,  D.  Haskill  (1065) 
AMSRL-WT-P,  A.  Horst  (390A) 
AMSRL-WT-PA, 

T,  Minor  (390) 

C.  Uveritt  (390) 

D.  Kocker  (390A) 
AMSRL-WT-PB, 

E.  Schmidt  (120) 

P.  Plostins  (120) 

AMSRL-WT-PC,  R.  Fifer  (390A) 
AMSRL-WT-PD, 

B.  Bums  (390) 

W.  Dryndale  (390) 

K.  Bannister  (390) 

T.  Bogetti  (390) 

J.  Bender  (390) 

R.  Murray  (390) 

R.  Kirkendall  (390) 

T.  Eriine  (390) 

D.  Hopkins  (390) 

S.  WiUcerson  (390) 

C.  McCall  (390) 

D.  Henry  (390) 

R.  Kaste  (390) 

L.  Burton  (390) 

J.  Tseng  (390) 

R.  Lieb  (390) 

G.  Gazonas  (390) 

M.  Leadoie  (390) 

C.  Hoppcl  (390) 


16 


No.  of 
Copies 


AMSRL-WT-PD(ALC) 

A.  Abrahamian 
K.  Bames 
M.  Beiman 
H.  Davison 
A.  Frydman 
T.  Li 

W.  McIntosh 

E.  Szymanski 

AMSRL-WT-T,  W.  Morrison  (309) 
AMSRL-WT-TA. 

W.  GiUich  (390) 

W.  Bruchcy  (390) 
AMSRL-WT-TC, 

K.  Kimaey  (3()9) 

R.  Coates  (309) 

W.  de  Rosset  (309) 
AMSRL-WT-TD, 

D.  Dietrich  (309) 

G.  Randers-Pehf^  (309) 

J.  HufTington  (309) 

A.  Das  Gupta  (309) 

J,  Santiago  (309) 

AMSRL-WT-W,  C.  Murphy  (120) 
AMSRL-WT-WA, 

H.  Rogers  (394) 

B.  Moore  (394) 

A.  Daran  (394) 

AMSRL-WT-WB, 

F.  Brandon  (120) 

W.  D’Amico  (120) 

AMSRL-WT-WC.  J.  Rocchio  (120) 
AMSRL-Wr-WD, 

A.  Zielinski  (120) 

J.  PoweU  (120) 
AMSRL-WT-WE, 

J.  Temperiey  (120) 

J.  Thomas  (394) 


17 


HTTENTIONALLY  LEFT  BLANK. 


18 


USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratoiy  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your 
comments/answere  to  Uic  items/questions  below  will  aid  us  in  our  efforts. 

1 .  ARL  Report  Number  ARL-TR-470 _ Date  of  Repon  July  1^9'^ _ 

2.  Date  Repon  Received _ 

3.  Does  this  repon  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for 

which  the  repon  will  be  used.) _ 


4.  Specifically,  how  is  the  repon  being  used?  (Information  source,  design  dau,  procedure,  source  of 
ideas,etc.)_ _ 


5.  Has  the  information  in  this  repon  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved, 
operating  costs  avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  repons?  (Indicate 
changes  to  organization,  technical  content,  format,  etc.) _ 


Organization 

CURRENT  Name 

ADDRESS _ 

Street  or  P.O.  Box  No. 

City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address 
above  and  the  Oid  or  Incorrect  address  below. 


Organization 

OLD  Name 

ADDRESS  _ 

Soeet  or  P.O.  Box  No, 

City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(BO  NOT  STAPLE) 


Department  of-  the  Army 


OFRCIAL  BUSINESS 


BUSINESS  REPLY  1VL4IL 

HBST  ajB5  FEWH  *1  OMl.  W 

i?Qsiage  will  bt  9«d  by  addtcssae. 


Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-OP-CI-B  CTech  Ub) 
Aberdeen  Proving  Ground,  MD  21005-5066 


